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Abstract
By using a dry etch chemistry which relies on the highly preferential etching of silicon, over
that of gallium (Ga), we show resist-free fabrication of precision, high aspect ratio
nanostructures and microstructures in silicon using a focused ion beam (FIB) and an inductively
coupled plasma reactive ion etcher (ICP-RIE). Silicon etch masks are patterned via Ga+ ion
implantation in a FIB and then anisotropically etched in an ICP-RIE using fluorinated etch
chemistries. We determine the critical areal density of the implanted Ga layer in silicon required
to achieve a desired etch depth for both a Pseudo Bosch (SF6/C4F8) and cryogenic fluorine
(SF6/O2) silicon etching. High fidelity nanoscale structures down to 30 nm and high aspect ratio
structures of 17:1 are demonstrated. Since etch masks may be patterned on uneven surfaces, we
utilize this lithography to create multilayer structures in silicon. The linear selectivity versus
implanted Ga density enables grayscale lithography. Limits on the ultimate resolution and
selectivity of Ga lithography are also discussed.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
A cornerstone of silicon fabrication is the ability to pattern a
structure on a planar silicon surface and subsequently use this
pattern as a mask to etch the structure in the silicon. There are
a variety of ways of defining this pattern in resist, including
ultraviolet, electron beam, or nanoimprint lithography [6, 11].
Alternatively, direct removal of silicon via sputtering by
focused ion beam (FIB) can circumvent the need for resist
at the expense of low throughput as well as aspect ratio and
minimum feature size limitations [7, 20]. However, FIB
implantation of gallium (Ga) into silicon can be used to define
nanoscale structures directly without resist at any stage of the
fabrication, achieving both high throughput and high aspect
ratio structures.
One of the first observations of high selectivity Ga
masking was in preferential wet etching of the silicon over
Ga-doped silicon [15]. The hypothesized masking mechanism
was the bonding of oxygen to Ga, forming GaOx layer that is
chemically resistant to the KOHwet etch and acts as a mask for
1 The authors contributed equally.
the silicon from the hydroxide chemical attack. However, not
only is this mask resilient against wet chemical etching, it is
also effective for masking fluorinated reactive ion etching [16].
Further demonstrations of Ga-based masking in plasma etching
showed that deep reactive ion etching (DRIE) with time-
multiplexed etch chemistries can produce micron scale features
with nanometer scale etch depths [14]. This work was
significantly improved upon when a cryogenic SF6/O2 silicon
etch was used with an implanted Ga mask [3]. What
allowed for the improvement was the fact that the mixed mode
cryogenic silicon etch dramatically reduced the mechanical
milling aspect, which is proportional to the bias voltage, with
an increase in chemical etching thereby increasing the etch
mask selectivity [4]. Since the cryogenic etching employs
the use of sidewall passivation, the cryogenic silicon etch can
achieve deep etches similar to the chopping etch chemistries
while reducing the etch mask damage. However, when
this etch chemistry is applied to nanometer scale structures,
incomplete passivation and inherent etch recipe limitations
resulted in severe undercutting. The low pattern fidelity of the
nanoscale structures is problematic for establishing a realistic
minimum feature size figure of merit.
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In this paper, we describe the different etching regimes
for pattern transfer of FIB implanted Ga masks in silicon.
Due to properties of the etching plasma, there is a tradeoff
between selectivity and anisotropy. By operating at different
points of this tradeoff, we have developed etch conditions
appropriate for different applications. For minimum feature
size etching, we employ a mixed mode SF6/C4F8 plasma that
has moderate selectivity and high anisotropy, referred to in this
paper as Pseudo Bosch [8], and describe feature size and etch
depth dependence on implantation dose. For higher aspect
ratio structures at the expense of mask notching and lower
anisotropy, we use a cryogenic SF6/O2 plasma [4]. Finally,
at the limit of maximum selectivity and complete isotropy,
we employ a cryogenic SF6 plasma appropriate for release
of Ga implantation defined membrane. By understanding
this selectivity to anisotropy tradeoff, we extend previous
work by moving out of the undercut-limited regime of the
cryogenic etch. Although resist patterning is typically limited
to planar surfaces, we use this Ga deposition technique’s
most significant advantage in that with the Ga mask writing,
patterns can be implanted on non-planar silicon structures for
multilayer etching and grayscale lithography.
2. Mask patterning using FIB
Patterning of the Ga etch mask was accomplished using either
a dual beam Nova 200 or 600 FIB/SEM by FEI. A cleaned
silicon sample is placed at the eucentric height and tilted
such that the ion beam strikes perpendicular to the substrate
surface. For a selected beam current, the Ga+ beam is focused
at the edge of the substrate. Automated write programs
specifying the pattern and dwell times are then executed to
raster the ion beam. In a manner analogous to a scanning
electron microscope, the FIB accelerates the Ga+ ions to the
surface of the silicon substrate using various accelerating beam
voltages. The magnitude of the beam voltage controls both the
implantation depth and the thickness of the Ga layer.
To estimate the effect of the beam voltage on the thickness
of the implantation layer and implantation depth, simulations
using stopping and range of ions in matter (SRIM/TRIM)
were performed for implanting Ga+ ions into silicon [22].
The results are summarized in figure 1; here we take the
vertical straggle length of the implantation to approximate
the thickness of the Ga implanted layer for the purpose of
effective selectivity calculations. For the implantation for
patterning performed in this paper, we used a 30 kV beam
voltage. From the implantation simulations of 30 kV beams,
we approximate the implantation damage to the top 15 nm of
silicon, creating amorphous silicon, and the next 20 nm below
as a Ga rich amorphous silicon layer, consistent with TEM
measurements [10].
To investigate patterning over the entire nanometer length
scale, three sets of patterns were generated. To measure the
nanometer range, we patterned squares starting at 500 nm and
ending at 50 nm stepped in 50 nm increments. The dose
columns began at 5.3 × 1015 cm−2 and ended in 1.96 ×
1017 cm−2 with the dose stepped in approximately 1 ×
1016 cm−2 increments. To determine sub-200-nm resolution,
Figure 1. Ga+ implantation depth, denoted by circles, for varying
FIB beam voltages as simulated using TRIM. The straggle length,
defined as one standard deviation from the mean dose, is denoted by
the solid lines. The etch mask thickness is approximated here by two
times the straggle length.
we again patterned squares starting at 200 nm and ending at
20 nm stepped in 20 nm increments. The third pattern arrays
were circles starting at 100 nm in diameter and ending at
10 nm in diameter stepped in 10 nm increments. For both the
second and third pattern arrays, the dose column began with
1.25×1016 cm−2 and ended in 1.25×1017 cm−2 with the dose
stepped in approximately 1.25 × 1016 cm−2 increments using
a measured 6.87 pA beam.
For the micron scaled structures we created dose arrays
of 5 μm × 5 μm squares separated by approximately 10 μm.
Each square dose was varied by incrementing the write time
2 s. With the beam current at 100 pA, this provided a
dose step of 5 × 1016 cm−2. The dose array began at 1 ×
1016 cm−2 and stopped at 0.5×1016 cm−2. After implantation,
verification of the patterning can be seen using a scanning
electron microscope (SEM). Inset of figure 2 is a SEM of the
dose array for the micron scales features.
3. Pseudo Bosch silicon etching
Patterned Ga implanted silicon samples were anisotropically
etched in an Oxford Instruments PlasmaLab 100 inductively
coupled plasma reactive ion etcher (ICP-RIE) 380. The Si
samples, N-doped 〈100〉 ρ = 1–10  cm and P-doped
〈100〉 ρ = 0.005  cm, were placed on a 6 inch silicon
carrier wafer using Fomblin oil as an adhesive and thermal
conductor. The etch chemistry utilized was a mixed mode
etch using SF6 as the etch gas and C4F8 as the passivation
gas simultaneously injected, Pseudo Bosch silicon etch [8].
The first dose array etch was performed under the following
conditions: ICP power of 1200 W, Fwd power of 10 W, table
temperature of 15 ◦C, chamber pressure of 10 mTorr, SF6/C4F8
gas flow of 33 sccm/50 sccm, and a measured forward bias
of 54 V. The second and third dose arrays were etched under
2
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Figure 2. Scanning electron micrograph of a dose array for
nanoscale SF6/C4F8 etch. Etch depth was 460 nm with the squares
ranging from 500 nm down to 50 nm in 50 nm increments. Inset is a
scanning electron micrograph of Ga implanted nanoscale dose array
in silicon. The large square was where the ion beam was focused and
used as a visual marker.
identical etching conditions as before, except Fwd power was
increased to 15 W and the C4F8 gas was increased to 68 sccm;
this modification improved pattern fidelity for sub-100-nm
structures. Upon completion of etching, the Fomblin was
removed using isopropyl alcohol and the sample imaged using
either the FEI Nova 600 or a FEI Sirion SEM, figure 2.
3.1. Determination of threshold dose and selectivity
Dose arrays of 50–500 nm squares were etched for different
times so that etch rate, minimum dose for a required depth, the
critical dose, and minimum structure size could be ascertained.
Samples were inspected in an SEM to determine the height
of each structure. The results of these measurements are
shown in figure 3. Two features of this graph are important to
notice. First, no measurable masking occurs below a particular
threshold dose; this is the region to the left of the diagonal
line. The etched squares whose dose place them to the right of
diagonal line showed no significant signs of mask deterioration
or failure. These successfully masked squares were denoted
by circles in the graph. Second, the height of failure displays
an approximately linear relationship with the areal dose. The
masked squares observed to have some measure of mask
failure, but were not completely etched away, were denoted
by dots. These partially etched squares are found close to the
diagonal line.
Motivated by this apparent structure, we attempted to fit
the data with the following equation:
hcritical = ketch
kerosion
(dcritical − dthreshold) (1)
Figure 3. Pseudo Bosch etch of Ga dose array for various etch times;
the shaded area indicates acceptable dose values for achieving a
desired etch depth. Etch mask selectivity is determined by dividing
the etch depth by the Ga mask thickness of 20 nm.
where hcritical is the height of the etched structure at failure,
ketch is the experimentally measured etch rate, dcritical is the
measured dose from FIB implantation of the failed structure,
and kerosion and dthreshold are the effective erosion rate of the
mask and the threshold dose treated as free parameters to be
determined by a least squares fit to the data. The etch rate, ketch
was determined to be 186 nm min−1 for the P-doped silicon
samples. For the Pseudo Bosch data, the fit yields the following
fit parameters:
hcritical = 0.186 (μm min
−1)
2.45 × 1016 (ions cm−2 min−1)
× (dcritical − 1.85 × 1016 (ions cm−2)). (2)
Since the implantation thickness was approximated as
20 nm, the selectivity of mask improves as the areal dose
increases (increasing the density of the Ga mask) and is also
described using equation (1) by dividing the etch height by
the mask thickness of 20 nm. Although the etch damage is
approximated to be the 15 nm of amorphous silicon on the
top of the etch mask, we note that surface remains notably
smooth. The first dose array demonstrates that this masking
technique can create, at the minimum write pattern of 50 nm, a
72 nm diameter nanopillars and 800 nm tall with sidewall and
roughness of less than 5 nm, figure 4. Although the patterned
size was originally 50 nm, the increase in size to 72 nm is
consistent to SEM resolution and SRIM calculations of having
a lateral straggle length of 7.2 nm. Other contributions to the
mask size increase can be attributed to several factors including
approximation of the beam as Gaussian and the ion beam being
slightly defocused. We approximate the lateral straggle as
being the most significant of all the contributions at this beam
voltage. Resolution and characterization of the Ga beam width
will be discussed later in this paper [1, 7, 12, 20].
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Figure 4. Scanning electron micrograph of a silicon nanopillar,
72 nm in diameter and 800 nm tall.
3.2. Determination of minimum feature size
To investigate the minimum structure size, we employed the
second and third dose array. The second dose array consisted
of squares etched 448 nm tall, figure 5. The minimum pattern
etched was a 43 nm square with an aspect ratio of 10:1.
Although a 20 nm square was implanted, the SEM shows
only a mound where the pattern began to etch but ultimately
failed, possibly due to a lower Ga+ concentration cause by
imperfect focusing. It is also clear that the minimum dose
of 1.25 × 1016 cm−2 was not sufficient to protect the silicon
much greater than 70 nm. The third dose array patterns
were circles for vertical silicon nanowire fabrication and were
etched simultaneously with the second dose array pattern.
The minimum pattern etched was the 31 nm diameter pillar,
figure 6. The etch was reentrant at 89.15◦ causing the base
of the pillar to be at an 18 nm diameter. Although it is
clear that some masking occurred for the 20 nm pattern, the
reentrant angle did not permit the structure to withstand the
etch. Important to note is the higher fidelity of this patterning
as compared to previous demonstrations.
This etch attained a very high selectivity with no oxygen in
the etch chemistry. This is contrary to the masking mechanism
of GaOx forming at the surface proposed elsewhere [16].
Formation of a GaOx layer during sample exposure to ambient
is also excluded due to the 28 nm implantation depth. This
leads us to hypothesize another masking mechanism. Fluorine
can bond with the Ga to create an involatile GaFx mask,
which may also contribute to further physical sputtering
resistance. This is consistent with previous results using
reactive ion etching with SF6 which relies on F+ ions for
etching [3, 14, 16].
4. Cryogenic silicon etching
Using the same etching system and mounting techniques as
the nanoscale etch, micron sized features were also etched to
determine the etch rate and threshold dose for a required depth.
The etch chemistry employed for this scale was a mixed mode
Figure 5. Scanning electron micrograph of second dose array for
nanoscale SF6/C4F8 etch. Etch depth was 448 nm with the squares
ranging from 200 nm down to 20 nm in 20 nm increments.
Figure 6. Scanning electron micrograph of third dose array for
nanoscale SF6/C4F8 etch. Etch depth was 448 nm with the pillars
ranging from 100 nm down to 10 nm diameters in 10 nm increments.
cryogenic silicon etch. This etch uses SF6 as the etchant gas but
relies on O2 to create a sidewall passivation layer of SiOxFy .
This molecule is formed when the substrate temperature is
below −85 ◦C. Details of the sidewall passivation and etch
process is detailed elsewhere and is not discussed here [4, 9].
The etch conditions used are as follows: ICP power of 900 W,
Fwd power of 10 W, table temperature of −130 ◦C, chamber
pressure of 10 mTorr, SF6/C4F8 gas flow of 70/6.5 sccm, and a
forward bias of 54 V.
4.1. Determination of threshold dose and selectivity
The cryogenic dose array, described earlier, was etched for etch
times of 1, 3, 10, 20 and 40 min with a measured etch rate,
ketch, of 1.03 μm min−1 per minute; the results are detailed in
figure 7. The etch depth dependence on dose for the cryogenic
etch was least squares fit and is described by equation (2).
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Figure 7. Cryogenic silicon etch of a Ga dose array for various etch
times; the shaded area indicates acceptable dose values for achieving
a desired etch depth. Etch mask selectivity is determined by dividing
the etch depth by the Ga mask thickness of 20 nm.
The Fwd power, and subsequently the bias voltage, was
intentionally set to match that of the Pseudo Bosch etch
with the other etching parameters set to optimize the etch.
Although the ICP and gas chemistry changes the plasma
density, matching the bias voltages allows for the milling
aspect of the two etch chemistries to bemore closely compared.
hcritical = 1.03 (μm min
−1)
0.067 36 × 1016 (ions cm−2 min−1)
× (dcritical − 2.2 × 1016 [ions cm−2]). (3)
Interestingly, dthreshold is nearly the same for both etch
chemistries (2.2 × 1016 ions cm−2 as compared to 1.85 ×
1016 ions cm−2), while kerosion for the cryogenic etch is nearly
two orders of magnitude lower than for Pseudo Bosch. This
threshold dose, etched with 10 W of Fwd power, is consistent
to that reported by Chekurov et al whom etched with 2–3 W of
Fwd power and with an etch rate approximately double of that
reported here [3]. To compare the fidelity of the Pseudo Bosch
etch to that of the cryogenic, a smaller feature size Pseudo
Bosch dose array pattern was cryogenically etched for 1 min
(approximately 1 μm). The minimum resolvable feature was a
350 nm square mask with the pillar body 200 nm at its widest
spot, figure 8.
4.2. Sensitivity of threshold dose to ion implantation voltage
To investigate if the FIB beam accelerating voltage affected the
threshold dose, a 6 × 4 array of Ga implanted 5 μm × 10 μm
rectangles was patterned. The beam voltages sampled were
5, 10, 20, and 30 kV written with beam currents of 120 pA,
50 pA, 81 pA, and 100 pA respectively. Beam currents were
selected to match implantation rates to as close as allowed by
the FIB’s settings. Each dose array started approximately at
0.375 × 1016 cm−2 with the next higher dose value doubling
Figure 8. Scanning electron micrograph of Ga masked silicon
squares, cryogenically etched 1 μm tall, to quantify the mask
undercut associated with cryogenic etching. The pattern etched is
identical to that used for the Pseudo Bosch dose array.
that of the previous up to approximately 13 × 1016 cm−2. Two
samples were then etched to etch heights of 10.2 and 20.1 μm
under the same conditions as before but with a reduced Fwd
power of 3 W. Reduction of the Fwd power increased the slope
of the dose array, maximizing etch mask selectivity, to amplify
any etch height changes due to beam voltage. A failure of
the etch mask during cryogenic etching rapidly destroys the
structure, so for this experiment a loss of etch mask denoted a
failure. For the 10.2 μm etch, the 5, 10, 20 and 30 kV structures
required a minimum dose of 2.1×1016 cm−2, 1.6×1016 cm−2,
1.6 × 1016 cm−2 and 0.75 × 1016 cm−2 respectively. For
the 20.1 μm etch, seen in figure 9, the 5, 10, 20 and 30 kV
structures required a minimum dose of 2.1× 1016 cm−2, 1.6×
1016 cm−2, 0.8× 1016 cm−2 and 1.6× 1016 cm−2 respectively.
There is a possible trend of slightly improved masking ability
for higher beam voltages. Different accelerating voltages do
result in different ion straggles and thus different effective Ga
layer thicknesses, an etch mask thickness increase due to beam
voltage increase. Although this experiment requires more
data for clarification of how the masking mechanism depends
on the implantation voltage, from this we concluded that if
beam voltage did affect the critical dose, it would be by an
acceptable value of less than 1.35 × 1016 cm−2 for 5–30 kV
beam voltage shifts with a previously determined threshold
dose of 2.2 × 1016 cm−2.
5. Multilevel and grayscale etch masking
One of the most significant advantages of using Ga implanted
etch masks is that unlike photolithography, which requires a
planar surface for effective spin coating and exposure, the
FIB can pattern non-planar structures. A second advantage
of Ga masking is the linear relationship of etch depth to dose
5
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Figure 9. Scanning electron micrograph of a dose array the
cryogenic etch. Etch depth was 10.1 μm with 5 μm squares. The
dose was varied in this array from 1 × 1016 to 5 × 1016 cm−2 in
0.5 × 1016 cm−2 increments.
beyond the threshold dose. Utilizing these two advantages, we
demonstrate the feasibility of three-dimensional structures in
silicon using multiexposure and grayscale etch masking.
5.1. Multilevel masking
Since the Ga beam does not require a polymer resist in which
to define a pattern, one may perform multiple implantations
for etch masking regardless of sample surface topography.
Experimentally, this fabrication procedure proceeds as follows:
implant initial mask, etch the silicon, implant second pattern,
and etch the silicon. This repeating sequence can continue
for as long at the Ga etch mask remains. Re-implantation of
previous structures can also extend the critical height for these
structures.
We demonstrated this technique using both the Pseudo
Bosch and the cryogenic etch to create a suspended silicon
nanowire connected to two pads. First, two 10 μm diameter
circles separated by 10 μm were Ga implanted at a dose of
2 × 1017 cm−2. The structure was then etched to a height
of 0.5 μm using the Pseudo Bosch etch. A Ga mask was
then implanted in the shape of a rectangle connecting the two
pillars with the same dose as the circles. A mask undercutting
cryogenic etch was then performed for an etch height of
5 μm; this step utilized the undercut to remove all unmasked
silicon below the rectangle. The resulting structure was an
80 nm×20 nm silicon nanowire suspended between two 10 μm
diameter pillars etched 5 μm tall with the nanowire connected
half a micron below the pillar tops, figure 10. This technique
utilized the advantages of each etch, the high pattern fidelity of
the Pseudo Bosch etch and the inherent undercutting and high
selectivity of the cryogenic etch.
Figure 10. Scanning electron micrograph 10 μm diameter silicon
pillars, etched 5 μm tall, with an 80 × 20 nm silicon nanowire
suspended in between. The wire is connected 500 nm below the tops
of the pillars.
5.2. Grayscale masking
A second applicable technique is the creation of graded
structures which utilizes the observation of the etch depth’s
linear dependence on the critical dose. Here, the structures
are dosed to different critical doses and etched to the desired
height. At the heights corresponding to their critical dose
the structures will then start to etch at the same rate as
the substrate, in a manner similar in principle to grayscale
lithography [13, 21]. These implanted structures can then be
etched to create sloped features such as blazed gratings and
optical lenses. This idea was demonstrated using nine 5 μm
squares arranged in a row. Each square’s dose was increased
approximately 2.5×1016 cm−2 more than it neighbor square for
a dose ranging from 2.5–22.5×1016 cm−2 and etched using the
Pseudo Bosch etch. This created a stair step set of platforms,
figure 11.
6. Resolution limitations and masking mechanism
6.1. Resolution limit
The theoretical limit to the highest resolution structures is
highly dependent on the beam spot size and the accelerating
beam voltage. These two parameters define the effective
implantation masking area, as the spot size establishes the
kernel to be convolved with the desired dose profile and the
accelerating voltage determines the further spread of ions after
interacting with the silicon. For our system, a theoretical
resolution limit can be estimated by summing these dimensions
in quadrature [7]:
d2system = d2spot + d2ion. (4)
6
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Figure 11. Scanning electron micrograph 5 μm squares with varied
doses. When the etch depth increases over the critical dose depth, the
structure begins to etch but maintains its relative height to its
neighbor.
For our minimum spot size dspot = 5 nm and lateral
ion spread at 5 kV dion = 3.2 nm + 1.8 nm (1-sigma
straggle), resulting is dsystem = 7.07 nm. For our experiments
at 30 kV, dion = 9.9 + 5.6 nm, resulting in dsystem =
16.2 nm, as compared to our minimum realized structure
of 43 nm. This analysis does not take into account any
excess resolution loss from deflection error, exposure scheme
(amount of overlap between shots was 50%), defocus, or other
experimental parameters which may account for our measured
minimum [18, 19].
6.2. Maximum implanted dose
To achieve the greatest etch depths, and hence highest
selectivity, we would like to maximize the amount of Ga
present in the top layer. However, further exposure of the
beam past a certain dwell time leads to a steady state where
the influx of Ga+ is balanced by the sputtered Ga. Displayed
in figure 12 is amount of Ga present in the silicon sample, areal
dose, as a function of total ion flux for a 30 kV beam. This is
approximated by from the total flux of Ga atoms minus the
sputtered Ga atoms, using the composition-dependent sputter
yield computed by Monte Carlo simulation [5].
As expected, for low doses the areal dose implanted
is linear with total flux, as the sputtered material has a
relatively low concentration of Ga relative to the amount
implanted. However, as the sputtered depth approaches the
mean implantation depth of 27 nm, the total concentration of
Ga in the sputtered material increases. By 28.4 nm we are at
an areal concentration of 1017 Ga atoms cm−2, which is lower
than total incident flux by 16%. The Ga sputter yield rapidly
increases from this point, requiring an enormous amount of
incident flux to increase the implanted concentration. As an
Figure 12. Plot of implanted dose as a function of incident dose,
with limiting value is 3 × 1017 Ga atoms cm−2.
example, doubling the concentration from 1017 to 2 × 1017 Ga
atoms cm−2 requires more than five times the incident flux
leading to a mask 144 nm below the surrounding substrate.
The maximum implanted value at steady state, calculated to
be 3 × 1017 Ga atoms cm−2, is dependent on the ratio of
the mean implantation depth and the sputter yield. For our
two etch chemistries, this leads to a theoretical maximum etch
depth of 3406 nm for the Pseudo Bosch chemistry and 425 μm
for the cryogenic etch chemistry and a maximum effective
selectivity of 85 and 10 625 respectively assuming a 40 nm
mask layer. However, practically achievable figures will be
lower, as determined by fidelity requirement and the point
of diminishing returns in implantation, where the selectivity
increase is less than the amount milled by the Ga beam.
6.3. Possible origin of the threshold dose
Based on SRIM simulations, the 1-sigma average density of
Ga assuming no phase segregation or preferential removal of
silicon is approximately 14% of the density of a pure Ga layer.
However, silicon’s low solubility in Ga is well known [17],
so the assumption of complete segregation of the implanted
Ga combined with measured Ga lattice constants leads to a
figure of 5.11–8.66 equivalent monolayers of Ga present at
the threshold dose [2]. This leads the authors to speculate that
the etch masking mechanism is the formation of a contiguous
Ga layer that forms involatile compounds in fluorine-based
chemistries and fails once the layer is breached via physical
sputtering of the mask.
7. Conclusion
This work has demonstrated the use of FIB patterned Ga+
implanted etch masks for two different mixed mode silicon
ICP-RIE chemistries with the objective of achieving nanoscale
7
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structures. Mask writing with the FIB is used here as a
completely dry lithographic process for patterning of silicon
for fluorinated plasma etching. This work measured the
critical dose, the minimum areal Ga+ dose needed to achieve a
given etched depth, for both the Pseudo Bosch and cryogenic
silicon etch under similar plasma conditions. Under identical
bias voltages in the same reactor, the etch chemistries each
displayed markedly different linear dependencies on the
critical dose, with the cryogenic etch showing more than
200 times the masking potential of the Pseudo Bosch for
identical implantation dose. The threshold dose for masking,
in contrast, was relatively insensitive to changes in both the
implantation voltage and the etch chemistry. The milling
aspect of both etches was similar due to comparable bias
voltages. However, the addition of oxygen in the cryogenic
etch may have contributed to the increased mask resilience.
Despite the lower selectivity Pseudo Bosch etch as
compared to the cryogenic etch, the slower etch rate is more
precise and yields less undercut, enabling a smaller minimum
feature size. Although each of the two etch chemistries were
optimized for maximum pattern fidelity, the minimum feature
size for the two etches was drastically different. The best
a 1 μm deep cryogenic etch could achieve was a severely
undercut 350 nm square pattern. Conversely, the Pseudo Bosch
was demonstrated to faithfully mask a 30 nm Ga pattern with
high anisotropy. Additionally, applications of Ga masks to
grayscale and multilevel etching show promise as a way to
achieve otherwise impractical geometries. Ga implanted etch
masks also provide a means for doping silicon, and future work
will incorporate implanted Ga as both an etch mask and a
dopant in nanoscale devices
Although this work was limited to nanoscale patterning of
silicon, the principle of using an implanted ion to act as an etch
mask can be expanded to other ions and materials for other etch
chemistries. Fundamentally, this technique can be generalized
to using a focused ion beam to implant a pattern in a target
material, so long as the implanted ion is not rapidly etched by
ions in the plasma.
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